One sentence summary: The third backbone type of cell wall teichoic acid in Lactobacillus plantarum comprised of 3,6 -linked poly(1-O-β-d-glucosyl-sn-glycerol phosphate).
INTRODUCTION
Elucidation of cell envelope structure of lactic acid bacteria is important for understanding the interactions between host cells, bacteriophages and other microorganisms, to utilize their beneficial effects for human health improvement and fermented food production. Gram-positive bacteria possess thick cell walls comprised primarily of multiple layers of peptidoglycan and most contain additional components such as S-layer proteins, polysaccharides and teichoic acids (TAs) (Delcour et al. 1999; Kleerebezem et al. 2010) . TAs are highly studied anionic polysaccharides found in Gram-positive bacteria and are grouped into two distinct types based on their localization: cell wall teichoic acids (WTAs) and lipoteichoic acids (LTAs) (Neuhaus and Baddiley 2003; Weidenmaier 2008) . TAs contain abundant phosphoric acid as a source of anionic charge, and are involved in many cell surface interactions (Neuhaus and Baddiley 2003; Weidenmaier 2008) .
The main chain of TA is made up of repeating units of alditol-phosphate joined by phosphodiester bonds. In general, LTA is less structurally and compositionally varied than WTA (Neuhaus and Baddiley 2003) , which differs in the composition and configuration of its main chain (Naumova et al. 2001; Neuhaus and Baddiley 2003) . Moreover, the main chain of WTA is frequently adorned with various glycosyl residues in either α-and β-configurations, contributing to the extensive structural variety of WTAs (Naumova et al. 2001; Neuhaus and Baddiley 2003) . Intriguingly, studies of WTA have shown that this structural diversity appears to be strain-specific. In Bacillus subtilis, Staphylococcus aureus and Lactobacillus plantarum, strain-specific main chains containing either glycerol or ribitol are known as Gro-WTA and Rbo-WTA, respectively (Armstrong, Baddiley and Buchanan 1960; Burger and Glaser 1964) . In the cell walls of Listeria monocytogenes, eight distinct serotype-specific WTA structures are present (Archibald, Baddiley and Buchanan 1961; Baddiley et al. 1961; Archibald and Coapes 1971; Endl et al. 1983; Uchikawa, Sekikawa and Azuma 1986) . Our previous studies have revealed that L. plantarum exhibits strain-specific WTA structures in its cell wall. WTAs isolated from 19 strains of L. plantarum were classified into two groups based on their backbone structures (3,6 -linked poly[1-O-α-d-glucosyl-sn-glycerol phosphate] and 1,5-linked poly[ribitol phosphate]). These two backbones had α-d-glucosyl (Glc) residues attached at strainspecific positions, resulting in six structural subtypes (basic, 2 -Glc and 3 -Glc subtypes of Gro-WTA and 3,4-di-Glc, 2,4-di-Glc and 4-kojibiosyl subtypes of Rbo-WTA) (Tomita et al., 2009 (Tomita et al., , 2010 .
The various structures found among the 19 strains contribute to the overall diversity of WTA in L. plantarum, but further investigation of this structural diversity needs to be carried out to understand the biochemical role of WTA in lactic acid bacteria. However, the conventional WTA isolation procedure is not appropriate for examining a large number of strains, as it is a complicated and laborious process. In this study, we established a rapid and concise procedure for identifying WTA structures by combining a shortened extraction method with a concise structure discrimination protocol based on NMR analysis. We provide an overview of WTA structural variety in L. plantarum, an industrially important species of lactic acid bacteria, and describe the structure of an unidentified WTA in this species containing a novel third type of WTA backbone, demonstrating the utility of this rapid procedure for analyzing WTA structure.
MATERIALS AND METHODS

Bacterial strains
Strains of Lactobacillus plantarum subsp. plantarum used in this study are listed in Table 1 . Their identity at the subspecies level was confirmed using multiplex PCR, as described previously (Torriani, Felis and Dellaglio 2001; Bringel et al. 2005) . The six strains, NRIC 1068, NRIC 1067  T , SNK1, SNK24, SNK28 and SNK50, all produce previously identified WTAs with strainspecific structures , and thus were used to obtain standard WTAs for structural discrimination. The strains were cultivated at 30
• C without agitation in de Man-RogosaSharpe (MRS) broth (Difco, Becton Dickinson, Franklin Lakes, NJ, USA).
Rapid isolation of polysaccharides from cell walls
To simplify and shorten the conventional WTA isolation procedure, steps for cell wall preparation were omitted, including cell disruption by ultrasonication and successive treatments with SDS, nuclease and protease. For the rapid procedure, SDS treatment was applied to intact cells without a disruption step, followed by polysaccharide extraction with trichloroacetic acid (TCA). This abridged procedure resulted in decreased material loss, enabling the culture volume to be scaled down to 250 mL while maintaining sufficient TCA extract yield. For purification, use of the DEAE minicolumn facilitated small-scale separation of anionic WTA from the TCA extract. Details of the procedure are described below. Bacterial cultures of the six L. plantarum strains were grown in 250 or 500 mL of MRS broth at 30
• C for 20 h. To remove proteins, lipids and LTA, the cells were treated with 10% SDS at 100
• C for 1 h and washed thoroughly by centrifugation (20 000 × g for 15 min) with water at room temperature. The treated cells were then suspended in cold 10% TCA and cell wall polysaccharides were extracted overnight at 4
• C while mixing gently. After centrifugation (20 000 × g for 15 min at 4
• C), cell wall polysaccharides in the supernatant were precipitated by adding five volumes of chilled ethanol and holding at -20 • C for 2 h. The resulting precipitate was collected by centrifugation at the same condition and washed iteratively in ethanol. The white powder thus obtained was dissolved in 200 μL of 100 mM sodium phosphate buffer (pH 4.8) and loaded onto a minicolumn packed with 4 mL of DEAE-Toyopearl 650 M resin (Tosoh, Tokyo, Japan).
The column was washed with three column volumes (CV) of the same buffer and subsequently eluted with three CV of buffer containing 500 mM sodium chloride. The flow through was fractionated into 2 mL portions and hexoses in each fraction were detected using the phenol-sulfuric acid method to quickly confirm the presence of WTA. WTA in each fraction was desalted using dialysis against water with Spectra/Por 1 Dialysis Membrane (Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) and collected after lyophilization.
Discrimination of strain-specific WTA structures based on 1 H NMR spectroscopy
We determined the structures of prepared WTAs by comparative analysis of their 1 H NMR spectra and those of the six standard WTAs. To suppress pH-dependent chemical shift fluctuations of NMR signals, 100 mM sodium phosphate buffer (NaPi; pH 7.0) in deuterium oxide was used as an NMR solvent. Lyophilized WTA powder was dissolved in NaPi and transferred into NMR sample tubes. 1 H NMR spectra were recorded on a JNM-ECS400 (JEOL, Tokyo, Japan) NMR instrument at 293 K with a proton frequency of 399.78 MHz and a proton 90
• pulse of 11.5 μs.
Structural determination of the unidentified Gro-WTA isolated from TUA 1496L
For structural analysis, WTA from strain TUA 1496L was prepared using the standard method (Tomita et al. 2009) . From the intact WTA, we prepared two chemically degraded samples: dealanylated WTA and dephosphorylated WTA monomer. Dealanylation of WTA was performed via dialysis against 50 mm Tris/HCl (pH 8.5) at 37
• C overnight, as described previously (Kusser, Zimmer and Fiedler 1985) . Dephosphorylation was accomplished by reacting the intact WTA in aqueous 48% hydrofluoric acid (HF) on ice, as described previously (Arbatsky et al. 2007; Theilacker et al. 2012) . After overnight treatment, the excess reagent was removed under a stream of air. Dephosphorylated repeating units of WTA were separated using the DEAE minicolumn described above.
Analytical methods
For structural analysis, 2D NMR spectra were recorded on an 800 MHz AVANCE-III spectrometer (Bruker BioSpin, Karlsruhe, Germany) using several methods including DQF-COSY, TOCSY, 1 H-13 C heteronuclear single quantum coherence (HSQC), and 1 H-13 C heteronuclear multiple-bond connectivity (HMBC). Spectra were acquired in deuterium oxide at 298 K with proton and carbon frequencies of 800.33 and 201.24 MHz, respectively. A mixing time of 120 μs was employed for TOCSY, and a one-bond low-pass J filter of 145 Hz along with a long-range coupling constant of 5.56 Hz was used for 1 H-13 C HMBC. 1 H− 31 P HMBC spectra were acquired on a 500 MHz AVANCE-III spectrometer (Bruker BioSpin) with proton and phosphorus frequencies of 500.23 and 202.50 MHz, applying a long-range coupling constant of 6.00 Hz.
The chemical shifts were calibrated against the methyl group signal of 2,2-dimethyl-2-silapentane-5-sulfonate (0 ppm for 1 H and 13 C NMR spectra).
RESULTS
Evaluation of the rapid extraction procedure
Using six Lactobacillus plantarum strains with structurally identified WTAs in their cell walls, we evaluated the efficacy of the rapid WTA isolation procedure. The procedure provided samples of adequate quality for structural discrimination, with a typical yield of 5-10 mg from each bacterial strain grown in 250 mL of MRS broth. 1 H NMR spectra exhibited good resolution with no detectable contamination from LTA polymers, and the purity Figure 1 . NMR-based structural discrimination of WTAs prepared from L. plantarum strains using the rapid extraction procedure. (A) Spectra of previously identified strain-specific WTAs. Basic, 2 -Glc and 3 -Glc subtypes of glycerol-containing WTA and 3,4-di-Glc, 2,4-di-Glc and 4-kojibiosyl subtypes of ribitol-containing WTA were isolated from TUA 5100L, TUA 5099L, TUA 5095L, and from NRIC 1068, NRIC 1067 T , TUA 5092L, respectively. (B) Representative spectra of three unidentified WTAs found in this study. 1 H NMR spectra are shown over the range of 5.50-3.20 ppm. Labels at the left of spectra represent the glycerol-and ribitol-containing subtypes of each WTA identified, and strain number for unidentified WTAs.
of the isolates was sufficient for NMR-based discrimination of the six WTA structures (Fig. 1A) . The use of NaPi buffer, which suppresses pH-dependent fluctuations in NMR signals, enabled comparison by simple overlay of spectra. The rapid WTA isolation procedure established in this study allowed analysis of WTAs from 24 strains of L. plantarum within 2 weeks.
Exploring WTA structural variety in Lactobacillus plantarum
To elucidate WTA structural variety in L. plantarum, WTAs from 94 strains were examined using the rapid isolation procedure described above. The WTA structures identified in this study and previous works are listed in Table 1 . WTA isolates were successfully collected from 86 of the 94 strains in a sufficient purity and quantity for analysis. Of these, 1 H NMR spectra of 78 isolates corresponded with the six known WTAs. Thus, most of the tested strains produced known WTA structures. WTAs from 60 of the 78 strains were identified as Rbo-WTA, whereas 18 strains produced Gro-WTA. Among the six known structures, the 4-kojibiosyl subtype of Rbo-WTA was found most frequently in 34 strains from 10 biological sources. Although other structures were detected less frequently, the variety of their bacterial sources was comparable: 3,4-di-Glc subtype of Rbo-WTA was produced by 16 strains from nine sources; the 2,4-di-Glc subtype of Rbo-WTA, 10 strains from seven sources; the basic subtype of Gro-WTA, four strains from two sources; the 2 -Glc subtype of Gro-WTA, 12 strains from six sources; and the 3 -Glc subtype of Gro-WTA, by two strains from two sources. Intriguingly, WTAs from eight strains exhibited an unidentified signal pattern on their 1 H NMR spectra that did not match any of the six known WTAs. Using spectral comparison, we separated the unidentified WTAs into three structural groups (Fig. 1B) : group 1, made up of TUA 1496L and TUA 4689L; group 2, TUA 0645L, TUA 0646L and TUA 0648L; and group 3 including TUA 4693L, TUA 4694L and TUA 4715L. Unidentified WTA group 1 was suggested to possess relatively simpler structure as it showed an anomeric signal at 4.50 ppm in the 1 H NMR spectrum, whereas groups 2 and 3 each exhibited more than three signals. We performed structural analysis of the unidentified WTA from TUA 1496L (group 1) to demonstrate the reliability of results obtained by the rapid discrimination method.
Analysis of the unidentified WTA structure from TUA 1496L
Identification of the chemical structure of the dephosphorylated repeating unit. Structural analysis was performed, focusing on the unique anomeric signal found in the 1 H NMR spectrum. First, to determine the structure of the glycosylated repeating unit, dephosphorylated monomer was prepared from purified WTA polymer by degradation with HF followed by purification on a DEAE minicolumn. After degradation, 6.5 mg of dephosphorylation product was obtained from 24.0 mg of purified WTA polymer as a dephosphorylated repeating unit. Acid hydrolysate of this dephosphorylated repeating unit comprised of glycerol and glucose (data not shown). Moreover, the 1 H NMR spectrum of the dephosphorylated repeating unit showed an anomeric signal (4.50 ppm) with a coupling constant J HH of 8.0 Hz, suggesting that the glucose residue is linked to the glycerol via a β-O-glycosidic bond. In 2D NMR spectral analysis, the HMBC spectrum revealed a long-range correlation between the anomeric signal and a methylene signal from the glycerol residue ( Fig. 2A) . Therefore, accounting for the stereostructure of the other Gro-WTAs identified previously , the structure of the dephosphorylated repeating unit was determined to be 1-O-β-d-glucosyl-sn-glycerol. The 1 H and 13 C chemical shifts and full HSQC assignments are presented in Table 2 and Fig. 2A , respectively.
Analysis of polymer structure
The structure of the WTA polymer obtained from TUA 1496L was investigated using 2D NMR analysis of samples of intact WTA and its dealanylated derivative. First, the signals from nonalanylated repeating units were assigned by comparative analysis of the intact and dealanylated WTAs. Full assignments are given in Fig. 2B , including signals from alanylated repeating units. The 1 H and 13 C chemical shifts are listed in Table 2 . The 1 H− 31 P HMBC spectrum of the dealanylated WTA showed longrange correlations of the phosphorus signal with H-3 in the glycerol residue and H-6 of the glucose residue (Fig. 3) , suggesting a polymer structure of 3,6 -linked poly(1-O-β-d-glucosyl-snglycerol phosphate) (Fig. 4) . This backbone structure has not yet been reported in L. plantarum. In addition to the structure identified above, it should be noted that 2D NMR analysis of the HF degradation product detected the presence of free Gro ( Fig. 2A) . Moreover, in the 13 C NMR spectrum of the dealanylated WTA polymer, several unidentified signals were detected, which showed C-P couplings as with the polymer identified above (Fig. S1 , Supporting Information). These observations could suggest that the -P-Gro-P-moiety in the linkage unit between WTA and peptidoglycan was detected, or it was present in the WTA polymer as repeating unit.
DISCUSSION
The rapid WTA isolation and discrimination procedure established in this study enabled quick determination of the structure of strain-specific WTAs isolated from Lactobacillus plantarum strains. NMR-based structural discrimination using previously identified WTAs as standards enabled identification of WTA isolates without chemical degradation. Eugster and Loessner (2011) reported a rapid WTA structure analysis designed for Listeria monocytogenes based on ESI/MS. This method allows rapid, sensitive, and high-performance identification of the type of WTAs found in L. monocytogenes, which are characterized primarily by variation in the glycosyl residues, e.g. glucose, galactose, rhamnose, N-acetylglucosamine and combinations thereof. However, MS-based analysis is less effective for identifying WTAs in L. plantarum, which achieve structural variety mainly based on the position of α-d-glucose side chains rather than compositional differences. The NMR-based method established in this study offers an alternative method of WTA identification with particular utility for distinguishing structures based on configurational diversity, such as those found in L. plantarum. Rapid characterization of WTAs from L. plantarum strains revealed three unknown WTAs, demonstrating the potential of this method for screening WTA structures. One of the chemical structures, identified as 3,6 -linked poly(1-O-β-d-glucosyl-snglycerol phosphate), contains a novel repeating unit that has not previously been identified in L. plantarum. The structure is proposed as a third type of WTA backbone structure in this species, following the two previously identified backbones, 1,5-linked poly(ribitol phosphate) and 3,6 -linked poly(1-O-α-d-glucosylsn-glycerol phosphate) (Fig. 4) . The two glycerol-containing WTA backbones in L. plantarum should be referred to 'αGlcGro-type' and 'βGlcGro-type' rather than combined into a single Table 2 . The inset boxes indicate the HMBC spectra of the same region of the HSQC spectra. 'Gro-type'. The βGlcGro-type WTA structure has been reported in Bacillus atrophaeus and Geobacillus stearothermophilus (reported as B. subtilis var. niger and B. stearothermophilus, respectively) (de Boer, Kruyssen and Wouters 1976; de Boer et al. 1978) , but not in lactic acid bacteria. Lactobacillus plantarum seems, at this time, to be unique in possessing the ability to natively produce seven different strain-specific WTAs from only three essential components: alditol (either glycerol or ribitol), glucose and phosphoric acid.
Taken together with published structural data on WTAs , the WTAs produced by 97 strains were characterized at the subtype level (Table 1) . Rbo-WTAs were de- Figure 4 . Chemical structures of the three WTA backbones found in L. plantarum. The structure of a novel βGlcGroP-type WTA (top) is proposed in this study. Structures of αGlcGroP-and RboP-type WTAs (middle and bottom, respectively) from previous studies are also provided tected frequently compared to the αGlcGro-and βGlcGro-types, in agreement with previous findings. Rbo-WTAs, therefore, may be dominant in L. plantarum over the two Gro-WTA types. However, the pattern of WTAs at the subtype level was notably distinct from previous results. Specifically, the 3,4-di-Glc subtype of Rbo-WTA and 3 -Glc subtype of αGlcGro-WTA were detected in 16 and 12 strains, respectively, in this study, whereas each subtype was obtained from only one strain in the previous study. Some bacterial sources exhibit highly biased WTA patterns. WTAs from 16 strains isolated from fermented soy milk were identified as the 4-kojibiosyl subtype of Rbo-WTA, while five other WTA subtypes were found among the 16 and 21 strains isolated from sunki (fermented turnip leaves) and moromi of shochu (alcohol fermented mash of sweet potato used for production of shochu). This observation suggests that the degree of WTA structural variety depends highly on the biological source of the L. plantarum strains, possibly based on the degree of genotypic diversity in these sources.
The identification of a novel WTA backbone in this study emphasized the ability of L. plantarum to produce a wide variety of WTA structures. It is still possible that L. plantarum can synthesize other subtypes of the novel WTA, as with Rbo-and αGlcGro-WTAs, by substitution of the βGlcGro backbone with glucose residue(s). Several recent studies have noted that changes in WTA structure significantly impact bacterial phenotypes, including immunomodulation activity, colonization ability, antibiotic resistance and bacteriophage adsorbability (Xia et al. 2011; Bron et al. 2012; Winstel et al. 2015) . Further investigations will facilitate better understanding of the biological significance of WTA structural diversity in L. plantarum.
